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l. INTRODUCTION

One of the main problems of stable combustion in high-speed flow is an effective mixing of
gaseous fuel and oxidant providing full combustion during the resident time in combustor chamber.
Generally speaking in-flow mixing consists of two main mechanisms. kinematics mixing
(convection) and molecular diffusion. The latter is a fina stage of mixing needed to provide
extended combustible mixture. Kinematics mixing is more effective in vortex flows; the higher
vorticity the better kinematics mixing which means the larger fuel/oxidant interface surface. The
second mixing mechanisms — diffusion forms a reacting volume estimated as the interface surface
times diffusion length. The only place where the combustion can occur is the reacting volume. Both
interface surface and diffusion length are increasing functions of time. Having these two functions
explicitly one can caculate a reacting volume formation and, with chemical kinetics scheme
known, the combustion process can be described in detail. Such an approach has been developed in
IVTAN for simulation of high-speed flow of chemically reacting mixture for plasma chemistry
applications and simulation of combustion in compressor-type chemical reactors basing on Diesel
engine.

Because very short residence time is typical of ram/scram jet operation conditions the
measures providing a significant increasing rate of reacting volume are very actual.

The proposed Advanced Mixing approach is to increase the reacting volume growth by (1)
pulse electrical discharge and (2) by MHD interaction - J° B body force.

It was found recently both experimentally and theoretically that under certain conditions
typical of so called Plasma Aerodynamics experiments the filamentary structure of high frequency
discharge (streamer discharge) results sometimes in high speed jet formation. Such ajet can transfer
a significant mass of fluid from one point to another rather distant location. Thus, providing a
controllable filamentary discharge across a primary fuel/oxidant interface one can intensify the
initial mixing of fuel/oxidant composition.

The second component of Advanced Mixing is vortex generation by a highly non-potential
J” B body force. This force is defined by current density component J» perpendicular to the externa
applied magnetic field B.

The preliminary information about such a mixing process was collected in IVTAN while an
MHD generator flow with current-currying non-uniformities was studied. At that time the main
guestion was how to decrease the mixing process intensified by vorticity generation. Now the
amplification of mixing by MHD and Pulse Plasma affects should be studied in turn and

recommended.
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In practice the formation of reacting volume is provided, the first — by diffusion, which is
rather conservative and under conditions of interest slow process, and, the second — by kinematics
mixing. The latter can be very intensive due to turbulence generated at the unstable interface of free
jet in a resting media. However, even in such a case the significant length is needed to provide
kinematics pre-mixing of whole fuel-oxidizer mass flow. Furthermore, the kinematics pre-mixing
resulting in a multi-scale irregular fuel-oxidizer structure consisting of stretched and deformed
original pure fuel and oxidizer volumes is not yet enough to provide a combustion conditions. Only
diffusion leads to a combustible mixture formation. The role of kinematics mixing is to reduce of
characteristics scale (thickness) of inter-component stratified structure. It seems that the kinematics
mixing stage required for the preparation of a combustible mixture is defined by the condition when
the stratified system characteristics length |sis comparable with the diffusion length. The diffusion
length time evolution can reliably be estimated with a square root law. Thus, the diffusion time
required for the desirable mixing is estimated as tp ~ Is 2/D. For a rum jet combustor applications
this estimation is followed by the condition that requires the mixing time to be less than the
residence time tg ~ Lc/Vcewith Lc and Ve stand for the combustor length and in-combustor velocity,
correspondingly. Thus, the practical situation analysis came back to the study of fundamental
problem proposed for this project — the Advanced mixing utilizing non-mechanical mechanisms to
intensify the reacting volume creation. The additional problem related to feature is to check the
possible effects of electric field on the kinetics of combustion and, in particularly, on the ignition.
The expected effect is to improve (accelerate) the ignition stage due to non-thermal formation of
active radicals by the strong electric field applied or arisen in the flow through MHD interaction.
Such an extrathermal formation of the radicals (e, O, O*, OH, OH", and others) can be provided by
the electric field directly in ionization and dissociation induced by electron-molecule collisions.

It is clearly seen from above brief description of the process considered here that the very
sophisticated physical and mathematical models are needed to treat these phenomena at acceptable
accuracy. From the other hand, not al input data required for the closed formal description are
available, and for this reason the experimental validation is absolutely necessary.

Basing on the preliminary results of analysis conducted in the frame of the preceding work
under contract with EOARD [1] the approach of this study consists of: (1) — the mathematical
model development utilizing the full Navier-Stokes equation, reduced Maxwell equation to treat the
MHD interaction process, and the chemical kinetics solver with a appropriate chemica kinetics
scheme; (2) — parametric study with the numerical model developed; and (3) — the experimental
setup design development. In order to reduce the computational time defined mainly by the
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chemical kinetics scheme used in this study a rather compact scheme of hydrogen-oxygen

combustion is applied.
In fact the main theoretical and numerical models needed have been developed earlier.

In the present work the following physical effects are of primary interest:

a) Molecular viscosity and heat conductivity. The turbulence effects are hoped to be resolved

directly rather then via some turbulence model. Most of turbulence models are capable of
describing the mean flow only if the flow is stationary or the flow field varies owly. We
shall consider the earlier stages of mixing process, when undeveloped turbulence may exist.
At this stage we consider originally undisturbed flow stage, therefore the only mechanism of
mixing seems to be the molecular transport.

b) Multi-component diffusion Traditional approach to the diffusion of particles in multi-

component mixtures will be applied in this work. It is assumed that the diffusive flux of any
species is proportional to the local gradient of its concentration (Fick’s law). The baro-
diffusion and thermo-diffusion fluxes can be neglected in the flows under consideration.

¢) Magneto-hydrodynamic interaction. This is the main effect driving the flow. The arc-wise

plasma formation can be created either in fuel or oxidizer and sustained due to externd
electric source. The arc current interacts with the transversal magnetic field so that the arc
moves toward the fuel-oxidizer interface and enhances stirring of components. For the goals
of the work the quasi-steady approach to MHD-interaction is certainly applicable: the
characteristic speeds of the processes under consideration are much smaller compared to
speed of light. In addition, the induced magnetic field due to electric currents can be
neglected, so the current flow under constant external magnetic field can be considered. The
approach to description of plasma properties, of which the electrical conductivity is of primary
importance, is as follows. We expect that for low-temperature (several thousand degrees of
Kelvin) poorly ionized plasma the approximations based on the Saha-equilibrium model are
reasonable; so that the conductivity can be considered as the function of gas temperature.
Same, in principal, could be valid for so-called Hall parameter. The radiation from the plasma
will be taken into account via approximation of radiative power as function of temperature.

d) Finite-rate chemistry. For the reacting flow computations we shall apply a general finite-rate

chemistry approach, based on the solution of chemical kinetics equations to obtain the
species rates of production at each spatia point. Any chemica reaction is assumed to
subject to the acting-mass law and reaction rate constants are assumed to be of Arrhenius

type.
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In this report, the mathematicad model including the complete set of governing equations is
presented in Section |1, the computational model and solution algorithm are described in Section I11.
Specific features of the numerical experiment setup are discussed in Section |V. The main results of
parametric study are presented in Section V. The initial stage of experimental facility development
is briefly described in Section V. The summary of this study is presented in the Concluding
Remarks.
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. MATHEMATICAL MODEL

The flows under consideration can be described by the coupled system of two-dimensional
equations reflecting the conservation of mass, momentum and total energy for the whole mixture
(Navier-Stokes equations), conservation of mass of different species with taking in to account the
chemical conversions. The system is enclosed by the equations of state, by definition of transport
coefficients, by definitions of chemical rates of productions for every species and by relationships
describing the electromagnetic interaction. Below, the general mathematical model is given as it is

implemented in the code.

ALSIR LR S 72 v

S, @)
it ™ v Wx Ty

U is the conservative-variable vector,

U=WE% )
grle
G+

& Yn g
wherer isthe fluid density, vx and vy are the velocity components, E is the total specific energy, and
N
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Here, P thermodynamic pressure defined later.

Diffusive fluxes are described as follows:

200 20 9
(;t - (;t -
Gox ~ oy~
o o
Fy=c¢ & +, G, =¢ € =+ 4)
g‘]xl_ g‘].yl_
G : - C : N
g‘]be g‘]yNg
The components of viscous stress tensor:
te = 2mM+grva,
T
&y, vy 0
t =t =- +—x, 5
xy = Lyx “g v X ®)
% ~
ty=-2 Ty 2 v
fy 3
. . o vy, Tivy .
where m is the molecular viscosity, Nv—ﬂ— +ﬂ—. The Stokes hypothesis on the second
X y
viscosity has been taken into account in (5).
Energy fluxes are specified as:
N
e, =-I ﬂ+(vxtxx +vytxy)+§_ hJy
fix i=1
e--I£+(vt + vt )+°NhJ- (6)
y =gy T Wy T Yy ia_-l yi

Here, | isthe heat conductivity and T is the temperature. The last terms in (6) represent the
enthalpy fluxes due to multi-component diffusion.

Diffusive fluxesare defined according to Fick’s law:
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Jyi =-I'Dim o I=1,N
1 .
Ji =-rDpp—- , i=LN 7
Vi im ﬂy

Transport coefficients Dim, m | .

N
Dim = (1- Xi)/é.lxj/Dij ; ®

jti

Xi =W Y, W is the mole fraction of i-th species, W is the molecular weight of i-th species and

N
W :J/ a Yi/W, is the molecular weight of mixture. The binary diffusion coefficients, Dj;, are
i=1

defined as follows:

4
3
N

T2 Jo+w;) /2w, )

D =2.68X0 ' .
! P>sf WH(TH)

(T N
(o S ey g

©)

@
(2]

Here, sj; :%(si +s ) represent the characteristic collision diameter, 'I'IJ =kT/g; (k is Boltzman
constant) is the characteristic temperature, ; = e >e; Is the parameter of function describing the
inter-molecular interaction.

Collision integral WE(T;;) is approximated as WY =1.074x(T; ) %1024,

Viscous coefficient, m is calculated as

N j €
m=a m&+a Gj x--

(10)
i=1 jui i g

1
X; 9
]

where i-th species viscous coefficient is defined as
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m = 2.6693x10" TP MW ekg 0 (11)
| s A1) Emsl

Collision integral W22(T") is approximated as W22 =1.157 XT") %142 and functions G;; are

defined as

o [rnym 2l f

ij 23/2l1+WI/WJ_Jyz
The heat conductance coefficient is defined as follows:

N 2 . X6
| =41 §1+1.065§ G 1= (12)
i=1 jti Xi B

where | (=1;(0.115+0.354>C,; /R )

functions Gf are defined as

[1+(' i/'.j)L/ZW/V_VJ)M]Z

23/2[1+VV./WJ'J]JZ

Gf

i-th species heat conductivity is defines as

|.:E . C.:EXR—O (13)
| 2 n?C’VI L 2 VV|

R is the universal gas constant, R is the gas constant of i-th species, R=R’/W, ¢,; and Cpi are species

heats at constant volume and constant pressure, respectively.
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Ther modynamic properties of mixture.

Equation of state

P=rk:T (14)

where P isthe pressure, T is the temperature, Ris the gas constant, R=RO/W.

Caoricrelation

e=h- P/r (15

where e is the specific internal energy and h is the specific enthalpy. Total energy is defined as

1
E:e+5(v§ +v§,) (16)
and
N
h=3 Yh(T) 17

i=1

i-th species enthalpy, hi(T), is expressed as

.
h(T)=h+ Cep(T)dT (18)

Tref

where h; s is the formation enthalpy of i-th component.

The source-term vector S is given as
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S=¢S, = (19)

Here, Scand S, represent the components of electro-magnetic force, S represents the energy rate of
change due to Joule heating and radiation. These terms are described in the sub-section “Plasma

Model” below. The terms {W:}, i=1,N represent the rates of production of species due to chemical
reactions. They are described in “Finite-Rate Chemistry Model”.

Plasma Moded!.

In genera, the electrodynamics of steady-state weekly-ionized gas discharge can be described by

Ohm’s law:
i+l Bl=s(E +[v" 8 0

where | is the electric current density, E is the electric field strength, s is the electric conductivity,
B is the magnetic field induction, and b isthe Hall parameter.

The components of electro-magnetic force are defined as
Sy = [‘J ’ B]x,y (21)
Energy rate of changeis

Se = (‘] >E)' Qrad

where approximation to the radiative power Qraq is taken in the form:

Final Report 13



Qrad =X g XT4 , (23)

where e is the effective absorption coefficient, and s sg is the Stefan- Boltzman constant.
Coupled with the definition of electric potential, E=-grad j , the Equ(20) can be reduced to

single two-dimensional (three-dimensional in general) equation for potential.
Finite-Rate Chemistry Model

The chemical kinetics model is applied to determine the species rates of production W { } due

to chemical conversions, or reactions.
Any chemical reaction can be represented symbolically as:

N ?/4%® N
a npfrxl - 2/4‘3/4 a nf‘,brxl (24)
1=1 b=

where n¢, and n?| , are the stoichiometric coefficients of reagents and products, respectively.

Thei-th species rate of production is then defined in accordance with the acting-mass law:

y Wa[n ]xg« O™ - ky O™ 2 (25)
1=1

=1 2

Here, c=r /W, are the molar concentrations. k¢ and ky, are the reaction rate constants, forward and

backward, respectively. The Arrhenius form is assumed for both kg and ki
ki =axT°exp(- Ey/T) (26)

where a,b and E; are reaction parameters. These can be evauated theoreticaly or from
experimental data. For the hydrogen-air mixture these data are tabulated as well as that for many

other reactions.
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The Model Up-grade

The first stage study with the model described above has concerned the feasibility of the electric arc
to initiate and maintain the combustion via the motion across the fuel/oxidizer interface due to
electromagnetic field. It was numerically shown that such a discharge both initiates combustion
process in the mixing layer due to high temperature of the arc and increases the mixing/combustion
volume due to arc motion and enhanced diffusion of species in the volume. The combustion was
detected to be self-sustained during rather long time even the current and/or magnetic field is
switched off.

In those computations rather smple models of the medium were used.

First, the chemica kinetics mechanism used is considered to be appropriate to the
combustion under thermal equilibrium. In addition, the kinetics under temperatures higher than
3000K can differ from that considered before. Therefore sophisticated kinetic scheme should be
tested which includes interactions with the charged particles, first of all, electrons. The neutral-
neutral interactions should be revised for temperatures higher than 3000K .

Second, the transport properties of the multi-component mixture should be revised due to
availability of electric field and charged particles. First of al the conductivity of plasma should be
computed more accurately. The electron-neutral and electron-ion collisions are of importance. In
general these interactions depend upon electron concentration and electron temperature, the latter
being different from heavy particles temperature. Other transport properties such as viscosity, heat
conductivity and diffusion coefficients can significantly be effected by the charged particles
interactions. Moreover, the approach to mass-diffusion used up so far should be re-evaluated. This
approximate approach is based on the Fick’s law and effective diffusion coefficients. The approach
is known to be stable while time-integration, but may be inadequate in plasmas with the deep
property gradients. In this case the solution Stefan-Maxwell equations may become necessary.

Third, the radiation emission from the discharge region was estimated with the approximate
model. It was assumed that total radiation losses from optically thin plasma can be calculated by
simple law taking into account the local absorption coefficient. Specia study is till needed to
understand whether the radiation losses are important from the viewpoint of energy balance. If so,
they should be evaluated with more sophisticated model.

The following sections are primarily intended to analyze the plasma models used before and
to select the models more suitable for the discharges under consideration. Three items will be
analyzed below: chemical kinetics, transport properties and radiation losses.

In Table 1 a typical chemical kinetics scheme is presented. This scheme was used in the

first series of numerical simulation.
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Table 1. List of reactions for H>-O, combustion

1) H,+0, U0 OH +OH

2 OH+H,U H,0+H

3) H+0,00H+O

4) O+H,U OH+H

5 O+H,0U OH +OH

6) H+H+MU H,+M
7 H+0,+MU HO,+M
8 OH+H+MU H,0O+M
9) HO,+H,U H,0,+H
10) HO,+HO, U H,0, +0,

11) H+HO,U OH +OH

12) H+HO,U H,0+0

13) H+HO,U H,+0,

14) O+HO,U OH +0,

15) OH +HO, U H,0+0,
16) OH+OH +M U H,0,+M
17) HO,+H, U H,0+OH
18) HO,+H,0U H,0, +OH
19) H+H,0,0 H,0,+0H
200 OH+M U O+H+M
2) O0+0+MU O, +M

It takes into account all main stages of the combustion process. excitation, ignition and heat
release stage. The mixture is assumed to be in local thermal equilibrium.

However, under plasma conditions, the electron-impact reactions may play the significant
role. For this reason the first simple chemical kinetics scheme of Table 1 is now reconsidered to be
fit to the conditions of the experiments planned for future study.

The following interactions are planned to be included in the scheme.
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1) Dissociation reactions
H,+eU H+H +e
0, +elU O+0+e
OH +eU O+H +e

2) Major ionization reactions
H,+eU Hj +e+e
O, +eU O; +e+e
H+eU H" +e+e
O+el O" +e+e
OH +eU OH" +e+e

This set of reactions is thought to be important on any stage of the combustion process. The
data on these reactions are now being sought in the literature. The role of direct
dissociation/ionization of water is now investigated. Interactions of electrons with several
intermediate species like HO,, H,O, will probably be neglected since their life-time is rather small
aswell astheir concentrations.

lonization of main species due to neutral-neutral collisions of type of

X+M® X"+M +e

where denotes Hy, Oz, O, H, OH, and M denotes any of the species will probably be not considered
since such reactions occur under high temperatures (probably higher that 1eV). At the same time
electron-impact reactions may take place due to high electron temperatures, which, in turn, may
take place in high electric-field-strength discharge. Therefore, the set of dissociation/ionization
reactions formulated above should depend on the electron temperature.

Another aspect of the scheme being developed arises from consideration of higher-
temperature range. Within the arc, the temperatures higher than 3000K may occur. Hence, the
dissociation reactions of type of

Hy,+MU H+H+M

which were included in the previous scheme may occur with the reaction rates different from those
considered before. The preliminary list of reactions which are assumed to be included in the kinetic

schemeis givenin Table 2.
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Table 2. Suggested list of reactions for Hz-O, combustion with ionization

1) H,+eU H+H+e

2) 0,+e0 O+0O+e

3) OH+eU O+H +e

4 H+eU H"+e+e

5 O+eU O"+e+e

6) OH+eU OH" +e+e
7)  H,+eU Hj +e+e

8 0O,+el O) +e+e

9 H,+0,0 OH +OH

100 OH+H, U H,0+H
11) H+0,U OH +O

12) O+H,U OH+H

13) O+H,0U OH +OH
14) H+H+M U H,+M
150 H+0,+M U HO, +M
16) OH+H+MU H,O0+M
17) HO,+H, U H,0,+H
18) HO,+HO, U H,0,+0,
19) H+HO,U OH +OH
200 H+HO,U H,0+0
21) H+HO,U H,+0,

22) 0O+HO, U OH +0,

23) OH+HO,U H,0+0,
24) OH+OH+M U H,0,+M
25) HO,+H, U H,0+O0OH
26) HO,+H,0U H,0, +OH
27) H+H,0,U0 H,0,+O0OH
28) OH+M U O+H +M
29) 0+0+M U O,+M

Transport properties

In the previous work the transfer of species, viscous momentum and heat was modeled by the well-

known multi-component diffusion model formulated in [2]. Commonly used simplification of
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multi-component diffusion applied the effective diffusion coefficients and Fick’'s law to estimate
species mass-flux was implemented in the code. All transport coefficients were estimated with
using so caled collision-integrals of viscous and diffusion types. In turn, the collision-integrals are
obtained by integration of collision cross-sections over the energy space. The values of collision-
integrals, W(,s), were taken as approximations of temperature functions [3]. These approximations
used the Lennard-Jones interaction potential to obtain the deflection angle of the colliding particles
as function of impact parameter and relation energy, then the relevant cross section, and, finaly, the
collison integrals. The Lennard-Jones interaction potential model is known to work well for
temperatures below nearly 1000K. At higher temperatures another models should be used for
interaction potential. In addition, the interaction of charged particles should take into account the
screened Coulomb potential.

Another aspect of the problem is related to using the Fick’s law for mass-flux expression. It
is easy to implement into the code, but the accuracy of the approach remains under question. More
relevant, athough time-consuming, is the solution of Stefan-Maxwell relations for mass-diffusion
fluxes. The set of Stefan-Maxwell equations can be expressed as

iJ; 0
- L+ i=1,N-1 (27)

where J; is the mass-flux of species i due to diffusion (only concentration diffusion is taken into
account), x; is the mole fraction of species i, M; is the molecular weight of i-th species and D;; are

the binary diffusion coefficient. System (27) should be resolved for J. This requires matrix
inverting, J=D 1(Nx), which is extremely costly. Therefore, iterations are usually applied to

obtain Ji. Nevertheless, this procedure still remains expensive compared with simplified models.
Probably one of the best from the viewpoint of cost-accuracy consideration is the Yos model. The

model gives diffusion flux of speciesi as

M. &d - CO ~
J.:-r_l ! NX: 28
1- %
Dim— [e)
a X; /bj
jri
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Here Din, isthe effective diffusion coefficient, ¢; is the mass-fraction of speciesi.

In the case of Stefan-Maxwell relations the driving force can take electric force into account
directly. In Yos model it is neglected. Regardless of the diffuson model, the binary diffusion
coefficients have to be calculated. Their calculation requires the knowledge of collision integrals.

Two approaches are planned to try for collision-integral calculations.

First, collision-integral for neutral-neutral collisions V\/i(-l'l) is approximated as function of
temperature: V\/(1 D= (6\1 +h;1n T)z where parameters a;; and bj; can be found from known values

of V\/i(jl'l) (T1=300K) and V\/(ijl'l) (T2=20000K) and assuming that Lennard-Jones interaction

potential is valid at low temperatures,

x5 O U

i -—494,? ?r”. :

At high temperatures Born-Mayers potential j j; (r) = A; exp(— a;; ><r) is used. lon-neutra

collision-integrals can be calculated using empirical correlations [4,5]:

11) _ 1.0)
WG, = (T WaR

21150 &

f(T)=l+c0———=
(M) eT +600 g

Collision-integral of electron with any neutral particle is assumed to have constant value of 4A? [6].
Interactions of charged particles are described with using screened Coulomb potential:
8 €

j(r )—ET exp(- /15 ),

where r§ = ﬂ is the Debay length.
Ne€

The following approximations are assumed [4]:

WY =0.523r2In(1+0.6L ) [A?),
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WD =0.405r2In(1+2L) [AY,
if  1£L£100

and
WY = WD =05r2(InL - 0.305),

if L>100.

Here

®ez,7, 0

ebk[]

() =

3/2
r T

L(T,n)=L=A—+
e r, n(]a_/z

To caculate viscosity and heat conductivity we plan to use approximations of type of
Wilke-Vasil'eva[7]:

+25R° (L5, - 1)—LJ

where

Cj

di=§l
j

SWHY
V\;z 2)

Some data were a so taken from [8].

The Schmidt number S (T) = It is assumed that W2 =1.14Y for all components.
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In second approach the collision-integrals values can be taken in closed form as functions of
temperature [9]. In this work the collision-integrals were calculated for many equilibrium air
species interaction including the charged particles interactions.

In the future it is assumed to implement both transport coefficients models to take into

account charged particles interactions.

Radiation from plasma

In the calculations made earlier the simplest radiation model was used. The model used the
concept of “gray-body” with effective absorption coefficient. Such concept just estimates the level
of radiation power, probably upper limit of it. Currently, we don’t know how accurate are these
estimations. Detailed analysis of radiation emission is extremely complex problem, and it is hardly
possible to do by ourselves. Nevertheless, work is now carried out to find acceptable level of

radiative losses description.

Concluding remarks on the mathematical model devel opment

The time period of last several months has been devoted to the analysis of the models
applied to the investigations of MHD assisted mixing/combustion in non-premixed fuel/oxidizer
system. From examination of the literature we drew a conclusion that some modifications and
improvements should be made both in physical and computational models of the processes
analyzed.

First, the kinetic mechanism should be corrected to take into account reactions with charged
particles and to expand the model to higher temperature range. The preliminary list of reactions has
been compiled, and now the work is done to implement it to the code and to test it.

Second, the transport properties models were analyzed since we think that the current model
is not completely adequate to simulate the transfer in non-equilibrium system with the charged
particles and strong property gradients. The most robust candidate seems to be the Stefan-Maxwell
relations for mass-diffusion fluxes. At the same time this model is known to be rather costly from
computational point of view. The compromise between cost and accuracy may be the Y os diffusion
model. Both these models are now being implemented to the code and tested. Also modifications to
the models of viscosity and heat conductivity are being introduced.

Third point of analysis carried out seems to be not so important compared to first two.
Nevertheless some more sophisticated estimations of radiation losses from the arc are being worked
out.

Final Report 22



1. NUMERICAL METHOD

In order to obtain al flow fields in any point of the domain under consideration, the entire
computational domain is divided onto small domains called cells. Within each computational cell,
the flow variables may be assumed to be constant (first — order accurate solution) or, for example,
to be linear (second — order accurate solution). Other cell-distributions are possible, but are
extremely expensive from the viewpoint of computational time. Only constant and linear variable
distributions are implemented in the code.

The system (1) is discretized in space and time starting from integral conservation laws
(weak formulation):

%dew@cdsN:c‘,cvdstde (29)
w W Tw

il

This is integra form of (1) valid for any computational cell with the volume w enclosed by the
surface S, (in two-dimensional case w is the surface and S, is the curve surrounding the cell). For
both constant and linear variable distribution-in-cell, the transient term in (29) can be approximated

as follows:

i DU
— dw x—
o vevp @

where DU=U(t+Dt)-U(t) with the 1-st order approximation of time-derivate. The surface fluxes are

integrated as follows. For example,

&F dS,, = F dS)+ 5 dS)) = Fny +Gny) dS, =(F m, + Gy )DS, (30)
Sy

Here, DS, is the surface area value, ny and ny are the components of unit normal-vector directed
outward the cell considered. The average-flux value depends on the grid partition and on the
variable distribution-in-cell. We shall consider the quadrilateral cells, so that any interna
computational cell has four neighbors. The relationships (30) are then rewritten as follows:
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Fds, = ? oF ds, @a F;DS;
nw J

where F; stands for the face-averaged flux and § stands for the face area. The face implies the line-
segment, part of the whole cell-surface, straddling two adjusting cells. Four faces enclose each
computational cell. For 13- and 2" order accurate solutions, the one-integration-point is sufficient,

i.e. the surface flux can be evaluated at the mid-point of the face:
&F}dS; @ (Un)DS; =[F(Up)n, +G (U, DS, (31)
The flux components, F and G, were presented in the previous Section. The dissipative fluxes, F,

and Gy, are handled with analogously.

The source-term is discretized as follows
¢ dw @wv>8(U,,) .
Heredfter, all the flow variables imply cell-volume-averaged,

& dw=wxU,,, or smply, wxJ .

Collecting surface-flux integrations and giving variable distribution-in-cell leads to a system of
algebraic non-linear equations for each cell state-vector U:

w2 ir=0 32
Dt

where residual-vector R is the approximation of surface-flux quadratures plus source term:

R= ? F2(Up)ny +GP(Upy)ny; |DS; + ¢S dw (33)
jlw
The system (32) is integrated in time using explicit low-memory Runge-Kutta method:
UO = Un
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Ui =U0' a,; ER(Ui_]_) , i:].,l (34)
w

1_

umt=y,

where U" is the solution on time-level t" and U™ isthe solution on time-level
" =t" + Dt

Thetime-step, Dt, is selected as minimum of convective and diffusive time-scales for al the
mesh control-volumes. While source-terms for momentum and energy equations are computed
explicitly, calculation of chemical species production rates is carried out implicitly employing

specia chemical-kinetics solver.

t" +Dt
w =30 L o (35)
dt chem Dt tn

Integration in time is performed by the program KINEL developed in IVTAN Low-
Temperature Plasma Division for solution of systems of ordinary differentia equations of high
stiffness inherent to problems with chemical and thermal non-equilibrium. On every time-step, D,
system (4c) is integrated based on “chemical” time-steps and implicit treatment of production-rates.
The chemical time-steps are evaluated within KINEL on the base of eigen-values of chemical
source-term Jacobian matrix. Low-cost LU-decomposition of Jacobian is applied on each chemical
time-step to solve the system.

Implicit treatment of chemical source-term allows one to avoid strong restrictions to the gas-
dynamic time-steps imposed by finite-rate chemistry.

The integration of inviscid and viscous flux-vector over the control-volume surface is
performed as follows. One-integration-point on the each surface-element (cell-interface straddling
two neighboring cells) is suitable to obtain both 1-st order solution (piece-wise constant variable
distribution within the cell) and 2-nd order solution (piece-wise linear variable distribution) in
space. The inviscid flux at the integration-point is found from exact solution of Riemann problem
(Godunov’ method), i.e.

Fp =F(U;p), and U;, =Rie(U,Ug) (36)
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Rie(U., Ur) implies solution of Riemann problem between two states U, and Ug, left and right

state-vectors on both sides of the interface. For two adjacent cells, P and E,

UL =Up +y p(NUp,Drpy)
Ug =Ug - y e(NUg,Drey) (37)

NUp £ are the cell-centered gradients and Drgy is the vector directed from cell-center P(E) to mid-
point of the interface M. The gradient in each cell, NUp, is calculated by the |east-square method as

minimum of functional

Fr= &[pUp - (e

JI wp

DUP] :Uj - Up

Here J stands for any cell from the stencil associated with cell P. Usualy, five-point stencil
of the nearest neighbors (including P) is considered. The limiter-functions y p’s are taken to satisfy
the monotonical distributions near the strong flow discontinuities. In the smooth-flow regions, the
second-order accurate spatial distributions are recovered. In one-dimensiona problem, this method
becomes equivalent to the well-known Van Leer MUSCL method.

Viscous fluxes at cell interface may be constructed in two ways. In first way, the face-
gradient is taken to be the algebraic average of two cell-gradients described just above with adding
up the projection of normal-derivative to prevent the non-physical oscillations. In second way, the

gradient at interface is calculated by application of Gauss' theorem to auxiliary cell

w,(NUy) = guon,)ds,.
g

Auxiliary cell represents the quadrilateral which vortices are two cell-centers (P and E) and

start-point and end-point of the interface segment itself. Both approaches were found to be equally
appropriate.
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V. PARAMETRIC STUDY

IV-1. Arc-Driven Mixing and Combustion

To highlight the main effects discussed in Introduction we consider a simplified problem.
Assume that the rectangular paralelepiped is filled with separated air and hydrogen. Let the
computational plane be the XY-plane. The size of the domain in X-direction is taken to be 10 mm.
The size of the domain in Y-direction is aso taken to be 10 mm. We assume that variations of the
flow parametersin Z-direction can be neglected, so that the two-dimensiona problem in XY-plane
could be considered. The domain is filled with the separated fuel components in such a way that
upper haf of the domain (Y>5) is filled with air and lower haf is filled with hydrogen. This will
referred to as the Case 1. Alternate filling case, i.e. hydrogen if Y>5 and air if Y<5, will be referred
to as the Case 2. At the initial moment the arc of 2 mm in diameter is ignited so that the center-point
of the arc locates at the point x=5mm, y=3mm. The arc column is specified to be co-linear to Z-
direction and is assumed to maintain from the external electric source. In al the calculations the
total current through the arc 10 Ampere is assumed to hold. The constant magnetic field is specified
as B =(B,0,0), B= 2 teda. In such formulation the vectors of current density and electric field take

the following form:
J=(0,0,J,), E=(0,0,E).

The component of electric field vector E; is the same everywhere in the domain. For
simplicity, we neglect with the induced electric field, [V" B]. This can be done since the

characteristic flow speeds of the order of 100 m/s were expected (and calculated), whereas the
applied electric field varied in the range from 1 to 4 kV/m. Then, one can write for total current

lare = )2 A0Sy = 8 XE, dSy = E, x(p dS,
E, = Iarc/c‘; dSy
3, =506 Y)E,

Next, the electro-magnetic force has only one component, namely
$=3,%,§ =0
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The energy rate of change, &, is given by expression:
Se = (‘] >E) = ‘]Z ><EZ

The following initial conditions are specified. Pressure Py = 105 Pa, temperature To = 300K outside
the arc and Tp = 6000K inside the arc. The boundaries of the domain are considered to be the
adiabatic walls.

Some results can be seen from Figures 1-3. In Fig.1, the no-chemistry Case 1 is presented.
The distributions of mass fraction of hydrogen (left) and temperature (right) are shown for 8 time-
moments. For the same time-moments, the same distributions are given in Fig.2 for Case 1 (with
chemistry). Also, the main combustion product, H,O, is shown by colored contours. Finally, Case 2
is represented in Fig.3.

The first observation, which immediately can be done, is that the region of disturbance of
the original contact boundary is essentially higher for Case 1 compared to origina arc diameter. The
characteristic size of combustion zone is comparable with the size of the domain. The combustion
zone is well detected by the water mass fraction distributions. The water mass fraction reaches the
value of ~ 0.21 (maximum) at the final stage. The maximum temperature varies from ~ 5000K at
5mcs to 3900K at the final moment. Comparison of Fig.1 (no chemistry Case 1) with Fig.2 shows
that mixing process is mainly due to arc motion. In both cases the electro-magnetic force is nearly
the same, which determines the similar flow patterns. Although, some small differences exist: the
disturbance zone is dightly larger for the reactive case, while the maximum temperature is in
average higher for the non-reactive case.

The situation becomes quite different when arc is ignited in the air. In this case no essentia
mixing zone enhancement is observed, while temperature becomes as high as ~ 7200K. This is the
fact that in the Case 1 the arc ignited in the light hydrogen and therefore moving quickly “strikes’
with the heavy air, which acts like the wall. The flow reflects from the contact boundary rather then
passes through it. This leads to smearing of the arc along the boundary and high diffusion (due to
high temperatures) provides an initiation of combustion on a wide front. In opposite Case 2, lowly
moving arc ignited in the heavy air begins to accelerate when coming into the light hydrogen.
Therefore, the mixing zone surrounds the arc, which is as narrow as origina one. In the Case 2, the
maximum water concentration reaches the value of 0.1. It is clear that total water production is
significantly higher in the Case 1. Even if one compares the flow patterns at the same time moments

(35mcs), the more developed combustion zone in Case 1 is evident.
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Fig.1. The mass fractions of hydrogen and water(left) and temperature(right) for Case 1 (no

chemistry).
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Fig.1la. The mass fractions of hydrogen and water(left) and temperature(right) for Case 1 (no
chemistry, cont.).
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Fig.2a. The mass fractions of hydrogen and water(left) and temperature(right) for Case 1 (cont.).
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Fig.3a. The mass fractions of hydrogen and water(left) and temperature(right) for Case 2 (cont.).
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IV-2. Post-Dischar ge Reacting Volume Evolution

In the previous Section the numerical study of the enhancement of mixing/combustion in
hydrogen-air mixture by the MHD-driven arc column has been carried out. In these experiments
both electric current and magnetic field were permanently maintained during the computations.

In order to understand what is an ignition capability of such an MHD driving mechanism the
next step study has been undertaken to observe the evolution of the reacting volume after the
current and/or magnetic field switches off. The problem configuration is basically the same as it
was used in the previous Section. The following two problems were considered.

Case 1: as well as in the previous work the arc initiates in hydrogen and enters into the air due to
electromagnetic force. 25 microseconds after the arc generation the magnetic field is
switched off, while the electric current remains,

Case 2: 25 microseconds after the arc generation both electric current and magnetic field are
switched off.

The previous formulation, i.e. current + magnetic field on, will be denoted as Case 0. In al three
cases the computations were performed for 45mks (70mks after initiation). The two-dimensional
fields of temperat